Extracting energy from motion and vibration is an attractive route to powering wireless sensors, and MEMS (micro-electro-mechanical-systems) 
Introduction
Supplying power is naturally a critical requirement for wireless sensor nodes, and because batteries have limited energy capacity, these frequently dominate the size and weight of nodes. They also impose a maintenance burden of recharging or replacement if the sensor lifetime is not intended to be short. For this reason, devices that extract energy from their surroundings in some way (so called energy scavenging devices) have attracted attention from many researchers [1, 2] . Of the various energy types, motion or vibration is attractive for body powered applications, and of these the most widely applicable are the inertial generators. These have a proof mass connected to a frame via an energy-extracting transducer, and need only be attached to the motion source at a single point.
The power levels theoretically achievable from inertial scavengers are limited by the proof mass and range of internal travel of the device, and by the amplitude and frequency of the source motion. If we refer to these four key parameters as, respectively, m, Z l , Y o and ω, then it can be shown from basic principles [3] that the maximum achievable power is:
For body powered applications specifically, this dictates low maximum power levels because the frequency of motion is so low, so that microwatts are the most that can be achieved for devices of a few mm 3 [3] . While this is enough power to be useful for wireless sensors, it would be highly attractive if the power density could be substantially increased. In this paper two approaches are proposed, for the first time to our knowledge, which overcome the limitation given by eqn (1) . The first is to eliminate the constraint on internal motion by using a resonant rotating motion. The second approach is to replace the inertia of a simple translating mass by the angular rotational inertia of a gyroscopic body. In the gyroscopic case, the magnitude of the inertia depends not only on the size and density of the proof mass, but also on its rotational velocity, and this latter parameter is not fundamentally constrained by the device dimensions.
Resonant Rotating Energy Scavenging
Before analyzing the resonant rotating generator, it is worth considering rotating mass generators more generally. Most inertial energy scavengers at the mm scale have used linearly translating proof masses, and the published analysis of such devices is quite comprehensive [4] , but there is little reported in the literature on rotating devices. However, such devices have long been known from self-winding watches; for example, the watches sold by Seiko Corp. under the Kinetic brand name use a rotating mass to drive a conventional electromagnetic generator. Although a device driven by rotating host motion would have the advantage of being able to fill most of its volume with the proof mass, because no space is needed for it to translate to, the self-winding watches typically have a semi-circular mass pivoting on an axis at the centre of the device, as illustrated in Fig.1 . This allows the mass to be driven by both rotation and linear displacement of the host. The mass is coupled to a rotating generator, has no spring and thus has no resonant behavior. Its motion is constrained only by damping from the generator mechanism, and any parasitic mechanical resistance. If the rotating mass is driven by translating host motion, there is no benefit to be had from allowing the mass to make many rotations for each period of excitation. This is because the translating motion of the frame is driving the center of mass towards the position at which it is farthest from the direction of travel, and this can involve at most a half rotation during each direction of source displacement. Although the detailed analysis must be omitted here, it can be shown that for this design, given a certain device size, proof mass density, and excitation parameters, the maximum power is about the same for a rotating mass device as for a translating mass one. In this case the optimal choice is determined by engineering practicalities. For conventional mechanisms, a rotating bearing is the most convenient way of mounting a part to give one degree of freedom, while for MEMS devices, reliable rotating bearings are not yet available, and lubrication is a severe challenge. Flexures in this case provide a convenient solution, and these are more suitable for linear translation, as the angular range for rotating flexures tends to be small.
For a rotating mass driven by rotational excitation, a potentially large advantage presents itself: the range of internal motion is not fundamentally limited, unlike in the translating case, so resonant enhancement could have a broader range of application. In translating devices it can easily be shown [4] that the theoretically achievable power would go to infinity at resonance as the damping factor is lowered to infinitesimal levels (neglecting parasitics), were the proof mass internal motion not constrained. The same result is obtained for rotating devices, but now the internal motion amplitude really is not constrained. The limiting factor in this case becomes the parasitic damping, for example that due to viscous drag from the air (if any) adjacent to the moving body. We can define a quality factor Q for the rotating mass as:
where I is the moment of inertia of the proof mass, ω n is the resonant frequency of the device, and D p is the parasitic damping factor (in torque per angular rate). The analysis will not be presented here in detail, but it can be shown that the theoretical maximum power is:
where θ o is the angular amplitude of the source motion. The comparison with the translational case of (1) is more clear if we replace I by ½mR 2 , with R the proof mass radius (assuming a full circular mass). Then we get:
R will be of comparable magnitude to Z l , θ o is likely to be less than 1 radian, and for body motion applications the source amplitude Y o may well exceed R substantially. Thus we have power reduction when
However, the key point is that we can increase the power output in the rotating case by a factor √Q, and this in turn is only limited by our ability to eliminate parasitic damping. As a result of the resonance, analysis shows that the internal amplitude will be greater by a factor of √Q than θ o when driven optimally. If the source amplitude is π/4 radians (e.g. upper leg rotation during walking), then a power enhancement of 10× requires a Q of 100, and an internal rotation range of ±2.5 full rotations. For MEMS implementations, we have some serious practical constraints for this approach. The first is that, while we can greatly reduce air damping by vacuum encapsulation, we can not so easily find rotating bearings with low drag. The second is that since this method uses resonant rotational oscillations, it requires the use of a spring connected to the mass; if a high Q device is to be achieved, this spring needs to allow a high number of turns of rotation if it is not to become the limiting factor, and it must do this without dominating the device size and weight. A simplified illustration of such a structure is shown in Fig. 1 . Finally, just as in the linearly translating case, the power output of a high Q device will drop rapidly as the drive frequency moves away from resonance.
Gyroscopic Generators
The fundamental limit of eq. (1) on translating devices contains two parameters of the source and two of the device; the latter are the internal displacement, discussed above, and the mass. The extracted power is proportional to the damping force of the transduction mechanism, but if this force exceeds ma, where a is the source acceleration, it will be too great and the mass will simply cease to move against the damper. Gyroscopic action provides a way to greatly enhance the ability of a mass to resist changes to its position (although only its angular, not its linear, position). This is the basis of its value in navigation instruments. Thus it is worth examining the potential of gyroscopic structures for energy scavenging.
Let us first examine a simple case, i.e. that of a disk shaped mass (as in Fig. 1(r) , but without the spring), actively driven to rotate around its axis at angular rate ω s . If the source (the body to which the device is attached) now rotates about one of the device's inplane axes, with angular rate ω p , a gyroscopic torque will result of magnitude Iω s ω p . We now assume that the source motion is an angular oscillation of the form φ = φ 0 cos(ω o t), so that ω p (t) = φ 0 ω o cos(ω o t). Against the gyroscopic torque we can apply a damping torque T, of just less than Iω s ω p to retain the internal motion, using an electrical transduction mechanism as in the linear devices. By integrating Tω p , and averaging over a cycle, we obtain the extracted power:
Here we have again used I = ½mR 2 . We see in (5) that although power is still strongly dependent on the source frequency, it is only to the second power, with the third being replaced by the driven frequency ω s . This can in principle be much higher than ω o , and so again we have the possibility of a major enhancement of power.
As in the resonant rotation case, parasitic forces limit the degree of enhancement we can achieve. Since the internally driven rotation cannot be free of drag, power is needed to maintain it, and this power is lost from the extracted power. For a general analysis of this restriction, we can characterize the driven rotation by a Q value, representing the fraction of kinetic energy lost per cycle. Although for real loss mechanisms this quantity will not be independent of rotation rate, it can provide a useful approximation from which to obtain the general trends. Since the kinetic energy is ω s 2 I, the drive power will be ω s 3 I /4πQ. Then we can calculate the net power by subtracting this from (5), and differentiate to find the optimal drive frequency. This proves to be:
from which we can find the optimal net power:
We can see that this is very similar to (5), except that the source angular amplitude dependence is now to the third power rather than squared. Again, enhancement depends critically on obtaining high mechanical Q. Although what can be achieved depends strongly on the nature of the device, it is worth noting that very high Q values have been reported for MEMS components. For example, in [5] a Q of 177,000 was measured for a single crystal silicon beam vibrating in vacuum at 19 kHz.
The nature of the required source excitation should also be considered. The resonant rotating generator cannot be driven from translating source motion, because the angular mechanism cannot extract energy from one direction of translation for more than a half turn. The gyroscopic device also cannot be driven by linear motion, but for a different reason. In energy scavenging we usually make the assumption that the source motion cannot be significantly impeded by the scavenger. This will be good approximation if the rotation of the source leads to rotation of the device frame directly, i.e. the frame will certainly turn. However, to convert linear motion to rotation requires the use of an offset pivot as in Fig. 1(l) , which depends for its functioning on the torque produced by the linear inertia of the proof mass. Thus, the maximum torque will simply be product of the mass m, the source linear acceleration, and the lateral offset between the pivot and the centre of mass. If a generator torque larger than this is applied the mass will simply not rotate with respect to the frame, and no energy will be obtained.
However, direct rotation is certainly found in biosensor applications. Walking motion in particular involves oscillation of angular position, of significant magnitude, in the lower and upper limbs. Upper body and head rotation, although less regular, is also a normal part of human motion.
Potential MEMS Implementation of Gyroscopic Generators
As stated above, MEMS devices typically use flexures because of the high mechanical resistance, low precision and low lifetime of sliding bearings. For this reason, high angular rate, low loss rotating gyros are not currently feasible in MEMS. However, another option has long been known and exploited for MEMS gyroscopic sensors: namely the vibrating gyro [6] . This structure (Fig. 2) typically has a proof mass vibrating in two orthogonal directions in-plane, one the sense direction and one the driven direction. Rotation about the out of plane axis couples these oscillations, allowing the sense signal to be obtained. This a well developed structure, highly suited to MEMS fabrication, that provides an excellent basis for a gyroscopic energy scavenger. Analysis shows similar results to section 3, i.e. that the power enhancement depends on the mechanical Q that can be obtained. It should also be noted that the displacement of the proof mass in this case is constrained, unlike the rotating case. High kinetic energy is instead obtained by increasing the drive frequency.
In section 3 we did not introduce a specific mechanism by which to extract the power. The mechanism in the vibrating device would be the sense axis electrostatic comb drive, and this presents another interesting advantage of the gyroscopic device concept. The extracted energy comes out not at the low source frequency, but at the higher drive frequency. This should make the design of efficient power conversion circuits more straightforward.
Conclusions
Two inertial energy scavenging methods have been introduced, and the results of detailed theoretical analysis of these has been summarized. Both methods offer the possibility of large enhancements in attainable power levels for MEMS energy scavengers, but low mechanical resistance is a critical requirement. In accordance with the practical constraints of MEMS devices, and by comparison with devices already demonstrated for other applications, it can be concluded that vibrating gyroscopic energy scavengers offer the most promising architecture for practical implementation. Work on fabrication of such devices is currently in progress and will be the subject of future reports.
